The incidence of obesity and its related conditions, including non-alcoholic fatty liver disease (NAFLD), has dramatically increased in all age groups worldwide. Given the health consequences of these conditions, and the subsequent economic burden on healthcare systems, their prevention and treatment have become major priorities. Because standard dietary and lifestyle changes and pathogenically-oriented therapies (e.g. , antioxidants, oral hypoglycemic agents, and lipid-lowering agents) often fail due to poor compliance and/or lack of efficacy, novel approaches directed toward other pathomechanisms are needed. Here we present several lines of evidence indicating that, by increasing energy extraction in some dysbiosis conditions or small intesti-
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TOPIC HIGHLIGHT
nal bacterial overgrowth, specific gut microbiota and/or a "low bacterial richness" may play a role in obesity, metabolic syndrome, and fatty liver. Under conditions involving a damaged intestinal barrier ("leaky gut"), the gut-liver axis may enhance the natural interactions between intestinal bacteria/bacterial products and hepatic receptors (e.g. , toll-like receptors), thus promoting the following cascade of events: oxidative stress, insulinresistance, hepatic inflammation, and fibrosis. We also discuss the possible modulation of gut microbiota by probiotics, as attempted in NAFLD animal model studies and in several pilot pediatric and adult human studies. Globally, this approach appears to be a promising and innovative add-on therapeutic tool for NAFLD in the context of multi-target therapy.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome and the leading cause of chronic liver disease in pediatric and adult individuals living in industrialized countries. NAFLD includes steatosis and non-alcoholic steatohepatitis (NASH), which is characterized by steatosis and periportal and lobular inflammation. Progression to fibrosis and cirrhosis represents the primary complications of NAFLD [1] . The pathogenetic mechanisms that lead to NAFLD seem to be strictly linked to peripheral insulin resistance (IR) and oxidative stress in hepatocytes. In fact, reduced cell responses to insulin lead to increased levels of insulinemia. Consequently, hyperactivating hormonesensitive lipase increases lipolysis in adipose tissue, which in turn increases free fatty acid (FFA) levels. Regarding the liver, IR causes gluconeogenesis and decreased glycogen synthesis, thereby increasing the FFA production rate and inhibiting beta-oxidation. The consequences of this IR-dependent "first hit" may be compensated by antioxidant hepatic mechanisms in the cell until the FFA surplus leads to a mitochondrial overload of oxygen free radicals, which, in turn, causes lipid peroxidation ("second hit"). Finally, the activation of multiple inflammatory pathways results in necroinflammatory events, fibrosis, and liver cirrhosis.
A growing body of evidence has begun to indicate that gut-liver axis malfunction [small intestinal bacterial overgrowth (SIBO), intestinal dysbiosis, and increased intestinal permeability ("leaky gut")] is another leading factor in the development and progression of NAFLD [2] [3] [4] [5] . This information is particularly important because of: (1) the high resistance of obese patients to the standard treatment of obesity and of its complications (i.e., lifestyle changes and hypocaloric diets); (2) poor effectiveness of other NAFLD pathomechanism-driven pharmacological treatments in reducing steatosis and its complications; and (3) the possibility of modulating the gut-liver axis [6, 7] . Here we review the most recent data about the gutliver axis and its role in NAFLD pathogenesis and progression. We also review experimental studies in animal models and preliminary results from several randomized clinical trials conducted to establish whether probioticinduced modulation of the intestinal microbiota (IM) improves liver disease outcome.
GUT-LIVER AXIS COMPONENTS
The gut-liver axis refers to the close anatomical and functional relationship between the gastrointestinal tract and the liver. The interaction between the two organs, whether healthy or diseased, includes the transfer of IMassociated molecules to the liver [8] . Alterations of this axis (constituted by the intestinal barrier, IM, and liver) may occur due to changes in intestinal permeability and microbiome composition in several clinically relevant conditions, including NASH and cirrhosis [9] . The intestinal barrier is a complex functional unit composed of luminal and mucosal elements (e.g., epithelial cells layer; mucosal barrier; innate and acquired immune components); the neuroenteric, vascular, and endocrine systems; digestive enzymes; and the IM (Figure 1 ). This barrier plays a key role in protecting against enteric organisms, potentially harmful toxins, and bacterial bioproducts closely associated with health and susceptibility to disease.
The intestinal epithelium consists of a single layer of columnar cells, which are mainly absorptive cells (80%), with the remaining 20% being Paneth, goblet, and enteroendocrine cells. Intestinal cells are bound together by tight junctions (TJs) and the zonula adherens (known collectively as the "apical junction complex"), as well as gap junctions and desmosomes. TJs form a multifunctional complex characterized by a series of fusion points on the cell membranes of adjacent cells. Tight junction tetraand single-span transmembrane proteins mediate cell-tocell adhesion and seal the paracellular space between epithelial cells. In addition to providing a barrier to noxious molecules, TJs can also operate as pores for the permeation of ions, solutes, and water, as appropriate. Indeed, among the tetra-span proteins (occludin, claudin, and tricellulin), specific claudin isoforms (claudin-2, -7, -12, and -15) determine selective barrier permeability. Single-span transmembrane proteins, on the other hand, are mostly junctional adhesion molecules. Being an immunoglobulin superfamily, junctional adhesion molecules participate in the regulation and maintenance of the TJ barrier. These proteins are associated with peripheral membrane (plaque) proteins such as zonula occludens (ZO) proteins 1, 2, and 3. The latter, located in the intracellular side of the plasma membrane, contribute to anchoring the TJ protein complex to the actin component of the cytoskeleton (Figure 1 ). Intestinal epithelium homeostasis requires coordination between TJ proteins, the actin cytoskeleton, endocytosis, and the intracellular signaling pathways [10] . The structure of TJs is constantly remodeled consequent to interactions with external stimuli, such as food residues, and pathogenic or intestinal bacteria. Regulation of TJs depends also on several signal transduction networks, including those of the G protein and a number of specific kinases [11] [12] [13] [14] . Besides regulating paracellular permeability, the intestinal barrier can activate the innate immune cells (e.g., dendritic cells), thereby preventing systemic infections triggered by intestinal microorganisms. The protrusions of these "sentinel cells" reach the intestinal lumen, where they are able to sense the presence of pathogens; however they also reach the normal intestinal flora and nutrients, and induce immune responses by activating specific B-cells ("acquired immunity") [15, 16] . The health of the intestinal tract is also maintained by Paneth cells, a type of specialized secretory epithelial cell that inhabits the mucosal surface of the small intestine and produces high quantities of defensins, and antimicrobial and antibiotic peptides [17, 18] . Another critical element in the homeostasis of the intestinal barrier is the mucosal barrier, which is constituted by a set of glycosylated molecules and enzymes. The intestinal mucus produced by goblet cells consists of two layers: an outer layer that is an ideal habitat for microbial colonization, and an inner, denser layer containing relatively few bacteria that exerts a protective function [18] . The mucosal barrier interacts directly with the overlying components and may therefore influence the microbial balance. The release of mucus containing antimicrobial molecules prevents bacterial contact. Moreover, intestinal mucus provides transduction signals that modulate the pro-inflammatory and apoptotic pathways. However, intestinal microorganisms have developed several smart strategies to bypass these mechanisms, namely the release of mucolytic enzymes, inhibition of mucin synthesis, and damage of TJs. Interestingly, low levels of Akkermansia Muciniphila have been linked to obesity as they live in mucus on intestinal epithelium, and reduce the absorption by promoting the mucus layer thickness.
Intestinal barrier malfunction allows translocations of dangerous gut bacteria and/or their products into the mesenteric portal bloodstream [19] . Intestinal barrier damage, increased intestinal permeability, dysbiosis, and SIBO appear to play a pivotal role in NAFLD pathogenesis and development [3] . The gut microbiota consists of trillions of microorganisms (i.e., approximately 10 14 bacteria and archaea) from more than 1000 species, with a total weight of approximately 1-2 kg [20] . Dysbiosis of the gut microbiota refers to an imbalance in the microbial community in terms of qualitative and quantitative changes, metabolic activity, and topographic distribution [19, 21, 22] . The human gut microbiota is mainly composed of Bacteroidetes and Firmicutes. Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and Cyanobacteria are present in minor proportions. Physiologically, they contribute 5%-15% of the dietary energy Figure 1 Intestinal barrier and liver. The intestinal microbiota plays an important role in the development of gut-associated lymphoid tissue (GALT), IgA secretion, and the production of antimicrobial peptides. Environmental factors (injury, infection, or high fat diet) may induce small intestinal bacterial overgrowth (SIBO)/intestinal dysbiosis and increased intestinal permeability that promote the translocation of bacteria and bacterial products, pathogen-associated molecular patterns (PAMPs), and damage-associated molecular patterns (DAMPs). Malfunction of tight junctions (TJ), composed of occludin, claudin, and tricellulin proteins, and under the influence of proteins involved in the cascade of the signal-transduction pathways (G protein and protein kinase C), probably play a critical role in gut "leakiness". Activation of toll-like receptors (TLRs) induces hepatic inflammation, lipogenesis, fibrogenesis, oxidative stress, and insulin sensitivity. In particular, activation of TLRs on stellate cells determines hepatic fibrosis and activation of TRLs on Kupffer cells promotes hepatic inflammation. In some dysbiosis conditions an high proportion of ethanol producing bacteria (E. Coli) may lead to high levels of endogenous alcohol, whose effects further reflect on intestinal permeability and hepatic damage. HFD: High fat diet; LPS: Lipopolysaccharide; PKC: Protein kinase C; SCFA: Short chain fatty acids. [28] . The composition of the IM in obese individuals has been the object of several controversial studies [26, 29] ( Table 1 ). The IM profile in NAFLD [32] and NASH [38] is less well documented. With a few exceptions (probably due to ethnic and/or dietary differences), most studies reported an increased proportion of Firmicutes over Bacteroidetes [37, 38] . Some drugs (e.g., proton pump inhibitors) may influence the IM profile, promoting an higher proportion of Firmicutes. However, one specific member of the Firmicutes phylum (Oscillibacter spp.) may be significantly under-represented in NAFLD patients [41] . In addition, investigators have recently started to focus on IM gene "richness" (i.e., the number of gut microbial genes), which appears to be reduced in individuals with obesity-related metabolic syndrome features (IR/type 2 diabetes, hyperlipidemia, and hypertension) [42] and with chronic inflammatory stigmata [43] . Intestinal epithelium, microbes, and dietary pattern share several multi-directional communications [29, 39, 40] . For example, a high fat diet (HFD) promotes a proinflammatory microbiota, but also interferes with intestinal permeability as a consequence of the increased secretion of bile acids. High fructose consumption favors an IM able to harvest energy, and also increases intestinal permeability [43] . The IM in obese and NAFLD patients is particularly likely to serve as an additional source of energy by fermenting unused energy substrates (e.g., indigestible fibers and polysaccharides), thereby resulting in the production of organic acids [the short chain fatty acids (SCFAs) butyrate, acetate, and propionate] (Figure 1 ). SCFAs also harvest by fermenting undigested alimentary residues [23] . The microbiota of obese subjects have a higher capacity to harvest energy from the diet, thereby providing substrates that can activate the lipogenic pathways.
The IM is influenced by both exogenous (dietary habits, food containing plant fibers and non-digestible carbohydrates that exert "prebiotic" effects, lifestyle, drugs, and method of birth delivery) and endogenous (bacterial mucosal receptors and interactions, intestinal pH, and immune response) factors [24] . Characterization of the gut microbiota profile is becoming increasingly more accurate thanks to new molecular microbiology techniques (next-generation sequencing) that supplement the results of culturomics-based investigations. Studies of the IM have also, at a functional level, started to depict the complex metabolic interplay between bacterial activities (metabolome) and the host. These studies revealed that the IM can influence conditions that involve not only the gastrointestinal tract (celiac disease, inflammatory bowel diseases, and irritable bowel syndrome), but also a growing number of extra-intestinal pathologies including obesity, IR, diabetes, cardiovascular disease, allergic diseases, and autism [25] . The concept that the IM is involved in obesity-related NAFLD was recently re-proposed, however various aspects of this association remain to be elucidated [26, 27] .
INTESTINAL MICROBIOTA IN OBESITY AND NAFLD
Obesity impacts on gastrointestinal health in various ways: by interfering with IM composition, reducing Turnbaugh et al [30] 12 ob/2 nw 16 S RNA pyrosequencing 454
Turnbaugh et al [31] 31 MZ twin pairs/23 DZ twin pairs/46 mo 16 S RNA pyrosequencing 454
Mouzaki et al [32] 17 nw/11 ss/22 NASH
No statistical difference / Armougom et al [33] 20 ob/20 nw qPCR ++ --/ / + Million et al [34] 68 ob/47 nw qPCR; cell counts ++ == -/ Nadal et al [35] 39 ob adolescents low calorie 10 wk
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Zhang et al [37] 3 ob/3 nw qPCR + 16 S RNA pyrosequencing 454 [38] 16 ob NASH/ 22 nw ctrls 16 S RNA pyrosequencing 454
Zhu et al [39] 16 nw/25 I/ 22 NASH 16 S RNA pyrosequencing 454
Schwiertz et al [40] 33 play an important adipogenic role by activating two G protein-coupled receptors (Gpr40 and Gpr43) that are expressed in the small intestine, colon, adipose tissue, and immune cells [44] . While increased levels of SCFAs enhance intestinal barrier integrity [12] , they are also responsible for reduced gut motility and transit time, which may promote small intestinal bacterial overgrowth. A high prevalence of SIBO has been observed in obese subjects [28] , as well as in adult [27] , and pediatric [45] NAFLD in parallel with the severity of hepatic steatosis, which may be associated with elevated blood lipopolysaccharides (LPS) [45] ( Figure  1 ). See Figure 2 for a summary of the major mechanisms of the interplay between the IM and NAFLD.
The relevant role played by the IM in various pathological conditions has recently been proven in fecal transplantation experiments. Fecal transplantation appears to be capable of modulating the gut microbiota not only in patients with gastrointestinal diseases (inflammatory bowel diseases and Clostridium difficile infection), but also in pathological conditions of distant organs, including obesity and its associated metabolic phenotypes [46] . As an example, Ridaura et al [47] confirmed that fat mass and obesity-associated metabolic phenotypes were transmissible from human twins (one obese and one lean) to germ-free mice with uncultured fecal communities and with their corresponding fecal bacterial culture collections. Furthermore, mice that initially received the obese twin's microbiota were also able to transmit the pathological metabolic condition to co-housed mice that had received the lean twin's microbiota provided the latter had not received a healthy diet. Other extra-intestinal diseases such as multiple sclerosis, IR, and idiopathic thrombocytopenic purpura could also become targets for this experimental treatment [46] .
GUT-LIVER AXIS MALFUNCTION AND NAFLD
As previously mentioned, obesity and diet-related intestinal barrier damage may favor gut-liver axis malfunction, thereby allowing further liver steatosis and a deranged passage of bacterial components into circulation (the so-called "leaky" gut). Hepatotoxic bacterial products [pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs)] reaching the liver via the portal circulation have been shown to activate specific toll-like receptors (TLRs) present in many different liver cells, including Kupffer cells, stellate Intestinal dysbiosis promotes the translocation of bacterial products [e.g., damage associated molecular patterns (DAMP) and pathogen-associated molecular patterns (PAMPs)] from the intestinal lumen into the lamina propria and to the bloodstream. This event is associated with the activation of toll-like receptor 4 (TLR-4), which causes hepatic fibrogenesis and systemic inflammation. Furthermore, the intestinal microbiota reduces fasting-induced adipose factor (FIAF) expression, lipogenesis, and free fatty acids (FFA) uptake. The gut microbiota have an increased capacity to harvest energy from non-digestible indigestible complex polysaccharides into monosaccharides and short chain fatty acids (SCFAs), which are substrates for hepatic lipogenesis and gluconeogenesis. Endogenous ethanol production by some bacteria is another mechanism damaging the liver. The properties of bile acids, which exert bacteriostatic activity, are also altered. The conversion of choline into methylamines leads to insulin resistance, fat accumulation, and ROS production (modified from refs 4 and 91). LPL: Lipoprotein lipase.
cells, and hepatocytes. Kesar and Odins [48] extensively reviewed the location of TLRs in the liver and their specific PAMP/DAMP ligands.
Lipopolysaccharide, a cell wall component of gramnegative bacteria, is the prototypical ligand for TLR4 and one of the most widely studied PAMPs. It initiates the pro-inflammatory cascade that indirectly activates the MyD88-dependent pathway (nuclear factor kappa B, the protein-1-dependent pathway of the mitogen-activated protein kinase activator), and LPS-induced TNF alpha factor (Figure 1 ). TLR2 also senses other bacterial products, such as lipoteichoic acid from gram-positive bacteria, to regulate the maintenance of barrier function and intestinal permeability. In mice, TLR2 deficiency is associated with increased absorption of bacterial LPS and metabolic syndrome [49, 50] . Gut dysbiosis and a phenotype characterized by obesity, IR, hyperlipidemia, and hypertension occur in TLR5-knockout mice [51] . Interestingly, transplantation of TLR5 -/-fecal microbiota to germ-free wild-type mice was associated with obesity and metabolic syndrome. TLR9 ligand, which recognizes the unmethylated CpG motifs of bacterial DNA, was documented in the blood of a murine NAFLD model [52] . Moreover TLR-9-deficient mice showed less IR and a less pronounced fibrogenic response [52] . A HFD may also favor liver sensitivity to LPS by increasing the expression of TLR2, TRL4, and CD14. This pathway is involved in NAFLD pathogenesis, particularly in TLR4 induction of hepatic fibrogenesis. TRL4 can induce hepatic fibrosis by activating stellate cells and by enhancing radical oxidative species together with TNF-α production and systemic inflammation [49, 50] ( Figure 1) . Finally, also inflammasomes (i.e., large intracellular multiprotein complexes that play a central role in innate immunity) detect and respond to a large range of PAMPs, including bacterial flagellin and DAMPs. Inflammasomes include a member of the NOD-like receptor family that recruits the inflammasome-adaptor protein ASC, which in turn interacts with caspase-1. This cascade of events may lead to inflammasome activation and subsequent maturation of the proinflammatory cytokines interleukin (IL)-1β and IL-18. This activation, which is crucial for host defense against pathogens, also appears to play a role in the pathogenesis of the inflammatory component of obesity and NAFLD [53] .
PROBIOTICS AND NAFLD TREATMENT: EVIDENCE FROM ANIMAL MODELS AND HUMAN STUDIES
Probiotics, which are defined by the FAO/WHO as "live microorganisms which when administered in adequate amounts confer a health benefit on the host", have attracted interest given the possibility of positively altering the IM composition and its interactions with the immune system and gut epithelium. The growth and/or activity of bacteria in the digestive system may moreover be stimulated by prebiotics (non-digestible food ingredients) in ways claimed to be beneficial to health. Probiotics can include elements of the normal human flora. They are introduced into the body to increase their dominance in the bowel, thereby reversing the damage or harm caused by detrimental bacteria. Commercialized probiotics include lactic acid bacteria (Clostridium/Bacillus gram-positive bacteria and Actinomycetes gram-positive Bifidobacteria) and spore-forming bacteria (Clostridium-Bacillus gram-positive bacteria). Lactic acid bacteria have been used in both clinical and experimental studies. Obviously, they must be resistant to pH changes, mechanical stress, extreme temperatures, enzymatic activities, and osmotic force to survive until they reach the intestinal colonization site. Less is known about spore-forming bacteria, which, theoretically, are ideal for dietary supplementation given their resistance to harsh conditions [54] . The effectiveness of probiotic delivery to the gastrointestinal tract varies greatly depending on formulation. The microencapsulated formulation, in which probiotic bacteria are enclosed in a coating material, appears to protect them until they reach the gut targets [55] . Many physiological studies have shown that intestinal barrier function may be improved/modulated by probiotics under several conditions. As an example, Streptococcus thermophilus and Lactobacillus acidophilus play a role in the activation of TJ proteins, thereby preventing the development of a "leaky" intestine [56] . In addition, as shown in Figure 1 , Lactobacillus rhamnosus GG can prevent inflammation and apoptosis in the lining of intestinal epithelial cells [57] . The biochemical pathways mediating the effect exerted by probiotics on TJ function include the protein kinase C and MAP kinase pathways, which involve both the redistribution and altered expression of the TJ proteins occludin and ZO [12, 58, 59] . Probiotic administration may repair damaged intestinal barrier and hence restore its function. In particular, Lactobacillus casei DN-114001 [60] and VSL#3 (a mixture of pre-and probiotics) [61] seem to restore intestinal barrier function by enhancing the expression of ZO-2 and protein kinase C in TJs. Intraduodenal administration of Lactobacillus plantarum MB452 enhances ZO expression near TJs in healthy individuals [62] . Escherichia coli strain Nissle 1917 restored mucosal permeability in the murine dextran sulfate sodium-induced colitis model by increasing ZO-1 expression [43] . Finally, in vitro studies have shown that probiotics can increase the expression of TJ-related occludin and cingulin [27] and promote mucus secretion. Probiotics also exert antimicrobial activity by producing antibacterial substances called "bacteriocins".
In the following section we summarize the results of studies published between 2000 and 2014 that evaluated the effect of probiotic treatments in animal models and in NAFLD patients. Data were retrieved from the major data banks (PubMed, Google Scholar, Medscape, and Embase).
Animal studies
Most studies refer to the use of a single probiotic or probiotic mixtures in NAFLD animal models that was mostly obtained by genetic manipulation, or in which the animals received a high-fat diet, a methionine-choline deficient diet (MCD), or a choline-deficient L-amino acid diet.
VSL#3:
VSL#3 is a mixture of probiotic bacteria including Lactobacilli that has been used in a number of experimental and human studies of NAFLD treatment. VSL#3 has 450 billion bacteria per sachet, with a mixture of eight different bacterial species (Lactobacilli, Bifidobacteria, and Streptococcus; Table 2 ). We retrieved five studies that used this probiotic mixture. In 2003, a cornerstone paper showed that VSL#3 treatment significantly decreased hepatic inflammation, serum alanine aminotransferase (ALT) levels, and hepatic oleic acid levels in a genetically obese ob/ob mice NAFLD model. The effects were mediated by modulation of IR, as shown by reduced activity of the c-Jun N-terminal kinase. This is a TNF-regulated kinase that promotes IR and decreases the DNA binding activity of NF-κB, which is the target of I-kappa-B-kinase beta (another TNF-regulated enzyme that probably repre- Li et al [63] HFD ob/ob mice VSL#3 4 Reduced liver inflammation and serum ALT Esposito et al [64] HFD Sprague-Dawley rats VSL#3 4 Significantly reduced TNF alpha levels, MMP-2 and MMP-9 activities, iNOS, and Cox-2 expression.
Increased PPAR-alpha expression
NS
Ma et al [65] HFD-WT male C57BL6 VSL#3 4 Improved NKT cells depletion, insulin resistance, and hepatic steatosis NS Velayudham et al [66] MCD mouse VSL#3 10 Prevented PPAR-induced fibrosis. Increased expression of Bambi, a negative regulator of the TGFβ signaling pathway
Did not prevent NASH. Did not protect against MCD liver injury Mencarelli et al [67] Apo E-/-mice fed dextran sulfate sodium
VSL#3
12 Reversed IR and prevented steatohepatitis by transactivation of PPARγ NS Bhathena et al [68] MCD Bio F1B Golden Syrian hamster
Lactobacillus fermentum ATCC 12
Reduced liver fat deposition, decreased total cholesterol, triglycerides, uric acid, and insulin resistance NS Wagnerberger et al [69] High fructose intake C57BL/6 L mouse
Attenuated the TLR4 signaling pathway and increased PPAR activity Karahan et al [70] MCD Wistar rats Pro1; Pro2 2 and 8 Both probiotics reduced ≥ 50% the incidence of steatohepatitis by modulating apoptosis + antiinflammatory activity
NS
Yalçin et al [71] Broilers fed low-protein diet
Primalac 454 4
Significantly diminished histological grade, steatosis and cell ballooning scores
Increased serum TG
Xu et al [72] HFD Sprague-Dawley rats
Lactobacillus acidophilus Bifidobacterium longum

12
Bifidobacterium longum was superior to Lactobacillus acidophilus in attenuating liver fat accumulation.
No variation of intestinal permeability in the treated groups Nardone et al [74] Ischemia/reperfusion (I/R) in rats fed a standard or MCD diet
Lactobacillus Paracasei
8 Reduced LPS levels. Attenuated I/R-related damage NS Fazeli et al [75] Rats on high cholesterol diet
Lactobacillus plantarum A7
2 Significantly reduced levels of cholesterol, TG and LDL
NS
Endo et al [77] Male Fischer CDAA rats Butyrate producing Clostridium butyricum MIYAIRI 588 8, 16, 50 Delayed CDAA-induced NAFLD progression and liver tumorigenesis. Reduced lipid deposition and improved IR, serum endotoxin levels, and hepatic inflammatory indexes. Improved ZO-1 expression
Chiua et al [78] HepG2 cells exposed to LPS
Lactobacilli bacteria lisate
Suppressed cytokine signaling 1 and PPAR alpha via NOD-NF-κB and cross-regulation of TLR4
NS
Raso et al [76] Rats on a HFD Synbiotic with Lactobacillus paracasei B21060 sents the link between inflammation and obesity-induced IR). Consistent with these treatment-related pathogenetic mechanisms, fatty acid beta-oxidation, and uncoupling protein-2 expression decreased after VSL#3 treatment [63] . In rats with HFD-induced NAFLD, we showed that VSL#3 markedly reduced the oxidative damage, protein nitrosylation, and tissue TNFα level, and increased the expression of peroxisome proliferator-activated receptor (PPARα), which indicates that it can control inflammatory and oxidative damage [64] . The treatment also significantly reduced serum and liver triglyceride concentrations, which were associated with a reduction in body but liver fat mass, thus suggesting that this probiotic could reduce dietary fat absorption. Our data confirmed previous findings [65] that VSL#3 improved IR and natural killer cell-depletion. The effects of VSL#3 on IR were also corroborated in other NAFLD animal models, in which the probiotic did not affect hepatic steatosis and had variable effects on the inflammatory component of NASH [66, 67] . Improved liver fibrosis was primarily due to a reduction in the accumulation of collagen and alphasmooth muscle actin, likely via PPARγ transactivation/ upregulation [66] . We identified ten studies in which several genera of Lactobacilli alone or mixed with another genus were used in mammal or avian NAFLD animal models. As shown in Table 2 , Lactobacilli decreased liver fat deposition, serum levels of total cholesterol, triglycerides and uric acid, and IR [68] . Interestingly, they also prevented fructose-induced steatosis by markedly attenuating the TLR4 signaling pathway and increasing PPARγ activity [69] . A combination of Lactobacilli and Enterococci probiotics reduced by at least 50% the incidence of steatohepatitis in cholinedeficient diet-induced NAFLD by modulating apoptosis and anti-inflammatory activity [70] . In a low-protein-diet avian NAFLD model, PrimaLac 454 (a mixture of two Lactobacilli, an Enterococcus, and a Bifidobacterium) produced a significant reduction in the histological grade of steatosis and in cell ballooning scores [71] . In a study comparing two probiotics (Lactobacillus acidophilus and Bifidobacterium longum) in rats with HFDinduced NAFLD, Bifidobacterium longum was superior in attenuating liver fat accumulation. The lack of changes in intestinal permeability in treated mice was attributed to the effect of peptidoglycan-polysaccharide polymers rather than to endotoxin-induced stimulation of TNF-α release [72] . This concept is supported by a human study in which levels of antibodies to peptidoglycan-polysaccharide polymers significantly decreased after administration of Lactobacillus GG in pediatric NAFLD [73] (see below). In rats with liver damage due to ischemia/reperfusion (I/R) that were fed a standard or steatogenic (MCD) diet, Lactobacillus paracasei attenuated I/R-related damage, whereas the effect was less pronounced in MCD-fed rats [74] . Lactobacillus plantarum A7 reduced lipid levels and/ or IR in rats receiving high-cholesterol diets [75] . A very recent study showed that a synbiotic composed of Lactobacillus paracasei B21060 plus arabinogalactan and fructooligosaccharides, delayed NAFLD progression in a HFD rat model. The synbiotic improved liver inflammatory markers and many aspects of IR, such as fasting response, hormonal homeostasis, and glycemic control [76] .
Other probiotics: A butyrate-producing probiotic (MI-YAIRI 588) reduced the lipid deposition and significantly improved the triglyceride content, IR, serum endotoxin levels, and hepatic inflammatory indexes in a rat model of choline-deficient diet-induced NAFLD [77] . This observation indirectly supports the proposed role of butyrate in the maintenance of intestinal barrier integrity [12] . Finally, in vitro studies showed that Lactobacilli also exert direct anti-inflammatory activity against target (HepG2) liver cells previously exposed to LPS by inducing IL10 and suppressor of cytokine signaling 1 and PPAR alpha via NOD-NF-κB and TLR4 cross regulation [78] . Collectively, these studies conducted in animal models indicate that probiotics may play a role in NAFLD treatment. It is not always clear how probiotics modulate the various aspects of the inflammatory, oxidative, and metabolic pathomechanisms underlying both the origin and progression of NAFLD. It is conceivable that they might correct the IM imbalance in obese individuals or they may act as direct modulators of intestinal barrier integrity by producing bacteria-derived molecules ("hostbacterial cross talk") [79] . Accordingly, it might be useful, in future studies, to integrate studies on the effectiveness of a single probiotic or probiotic cocktails with small intestinal and colonic colonization data.
Human studies
Based on the results of cellular and animal models, probiotics have long been an attractive potential therapeutic tool for human NAFLD. Unexpectedly, we retrieved only ten such studies [seven randomized controlled trials (RCTs)]. Indeed, the 2007 Cochrane meta-analysis, performed to elucidate the beneficial and harmful effects of probiotics in NAFLD or NASH, did not yield clear outcomes due to a lack of RCTs [80] . The only two pilot non-randomized studies identified at that time showed that VSL#3 or Lactobacilli plus a prebiotic and vitamin mixture (Bio-Flora) were well tolerated, and that they improved conventional liver function tests and reduced the levels of markers of lipid peroxidation and/or TNF-α. In particular, a 2-mo supplementation with BioFlora decreased the levels of liver enzymes in 10 biopsied adults affected by NASH. One month after washout, both ALT and gamma glutamyltransferase improved significantly. The treatment also induced a reduction in oxidative stress markers [malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE)] [81] . A second study included in the Cochrane meta-analysis assessed the treatment effects of the probiotic VSL#3 in patients with different categories of adult chronic liver diseases, including 22 NAFLD patients for whom treatment significantly improved the plasma levels of MDA and 4-HNE (precise data were not reported) [82] . Subsequent to that publication [80] and to an ESP-GHAN meta-analysis [83] , Solga et al [84] published a preliminary study warning about the possible deleterious effect of VSL#3 on hepatic steatosis. However, as shown in Table 3 , five RCTs appeared a few years after this study, none of which recorded such a harmful effect. In the first RCT, conducted by our group in a pediatric NAFLD population, a multivariate analysis revealed a significant decrease in ALT values (average variation vs placebo, P = 0.03), with normalization in most (80%) cases, after Lacto- [85] Lactobacillus bulgaricus streptoc. bacillus GG treatment, irrespective of changes in the BMI Z score and visceral fat. In addition, the levels of antipeptidoglycan-polysaccharide antibodies, which are indirect indicators of small intestinal bacterial overgrowth, decreased significantly, thereby suggesting a possible improvement of intestinal dysbiosis and/or gut barrier leakage. TNFα and bright liver parameters on ultrasound remained unmodified, as reported in earlier studies [73] . Subsequent to our pediatric data, a study on the effect of probiotic treatment (Lactobacillus bulgaricus and Streptococcus thermophilus) in adults with histologically proven NAFLD confirmed a significant reduction in liver enzymes [85] . In agreement with our study, anthropometric parameters and cardiovascular risk factors remained unchanged in both the treated and control groups. Treatment with Bifidobacterium longum plus the prebiotic FOS induced a significant improvement in serum inflammatory, metabolic, and liver enzyme parameters. End-of-study repeat liver biopsies showed improved fibrosis scores in 70% of patients and a decrease in the NASH activity index [86] . Administration of Lepicol (a 5 probiotics mixture) in histologically proven adult NAFLD patients resulted in a significant decrease in their intrahepatic triglyceride (IHTG) content, as measured by proton-magnetic resonance spectroscopy (P = 0.034), and a reduction in their serum aspartate aminotransferase level [87] . In another paper, the same authors reported IM colonization data before and after treatment compared to a healthy control population [38] . Improvement in IHTG was associated with a reduction in the abundance of Firmicutes and an increase in Bacteroidetes. This was accompanied by corresponding changes at the class, order, and genus levels. In contrast, bacterial biodiversity did not differ between NASH patients and controls, and did not change with probiotic treatment [38] . The clinical studies reported above have very recently been reviewed in a meta-analysis which confirmed that probiotic treatment reduces levels of aminotransferases, total-cholesterol, and TNF-alpha, and improves IR in NAFLD patients [88] . However, these results should be viewed in the light of the modest number of patients included in each study and the short time frame of treatment (median 3.75 mo) [88] . Two new pilot RCTs studies published after the meta-analysis confirmed the previous results. In the first pilot RCT, the effectiveness of synbiotic supplementation (Primalac) plus lifestyle changes vs lifestyle changes alone was studied in adult NAFLD [89] . The primary outcome (ALT reduction) was attained after only 14 wk of treatment and was maintained until completion of the study. Inflammatory parameters (CRP, TNF-α, and NF-κB p65) were also significantly reduced. In the second pilot RCT that enrolled 22 children with biopsy-proven NAFLD, administration of VSL#3 for 4 mo significantly improved BMI and ultrasonographic fatty liver parameters [90] . Moreover, there was an increase in the levels of glucagon-like peptide 1 and of its activated form, an enterochromaffin cell product that promotes insulin sensitivity. ALT values were in normal range at baseline and did not change during the study.
RCT
Lastly, a comparison of the effects of metformin ± probiotics (MetPr) in 32 adult NAFLD patients showed a more significant decrease in aminotransferase, cholesterol, triglyceride levels, and BMI levels in the MetPr group than in the Met placebo group [91] . Notably, probiotics enhanced the effect of metformin in reducing the BMI.
Collectively, these clinical studies reinforce experimental observations of the possible therapeutic role of probiotics in NAFLD treatment. In general, it appears that probiotics act on different targets (i.e., they modify the gut microbiota composition; reduce intestinal permeability and the translocation of bacterial products in portal circulation; and modulate the liver inflammation pathways and collagen deposition). However, various aspects remain unclear; it is still not known how different probiotics act on specific targets, and only a few studies have compared the effects of a single probiotic vs another. Moreover, most of the studies performed with a mixture of probiotics were also associated with one or more prebiotics, which exert an independent effect on NAFLD (e.g., increasing the level of Bifidobacterium and Lactobacillus spp [83, 92, 93] ). Because of the variety of pathomechanisms underlying NAFLD (IR, oxidative stress, and gut-liver axis malfunction), a multi-targeted therapeutic approach that includes add-on IM modulation by probiotics [91, 94, 95] seems more reasonable than a single treatment approach. Nonetheless, as the data available are not yet sufficient to recommend any individual pharmacological treatment for human NAFLD [96, 97] , it appears that patients clearly unable to lose weight or change sedentary habits might benefit the most from tailored treatments targeting multiple pathomechanisms.
CONCLUSION
In summary, the issues discussed in this review make it increasingly clear that the IM influences gut permeability, systemic inflammation levels, and host metabolism, thereby contributing to obesity and fatty liver disease. Several findings suggest that probiotics affect the IM and that they act by modulating visceral and hepatic fatty deposition via the gut-liver axis. Consequently, they may be proposed as add-on NAFLD treatment complementary to standard dietary and behavior strategies.
Since different probiotic species may exert different effects on the IM, further studies are needed to shed light on the interaction between probiotics and the IM [98] . In particular, a more precise evaluation of the specific gut microbiota composition profiles in lean, obese, and/or NAFLD individuals will probably enable better personalized modulation of the IM by pro-, pre-, and synbiotics. Finally, because fructose appears to be closely related to obesity, hepatic fat accumulation, IR, and gut-liver axis malfunction, the use of pro-and prebiotics to limit the adverse effects of fructose by reducing TLR4 receptor activation is another appealing strategy that warrants fur-ther attention [98, 99] .
